In situ atomic force microscopy reveals the morphology, surface topography, and growth and dissolution characteristics of microscopic single crystals of the low dimensional organic conductor (tetrathiafulvalene)Br 0 . 7 6 , which are grown by electrocrystallization on a highly oriented pyrolytic graphite electrode in an atomic force microscope liquid cell. The growth modes, and the distribution and orientation of topographic features (i.e., terraces, ledges, and kinks) on specific crystal faces, as assigned by "atomic force microscopy goniometry," can be correlated with the strenqth and direction of anisotropic solid state intermolecular bonding.
The influence of substrate structure was evident during growth on the (011) face of .(tetrathiafulvalene)Br 0 . 7 6 crystals, which involves the formation of oriented selfsimilar triangular islands ranging from 200 X to 5000 A along a side.
These nuclei eventually transform into rectangular rafts at larger length scales, where bulk intermolecular bonding interactions and surface energies dominate over nuclei-substrate interactions.
crystal faces, as assigned by "atomic force microscope goniometry," can be correlated with the strength and direction of anisotropic solid state intermolecular bonding. The influence of substrate structure was evident during growth on the (011) face of (tetrathiafulvalene)Bro.76 crystals, which involves the formation of oriented self-similar triangular islands ranging from 200 A to 5000 A along a side. These nuclei eventually transform into rectangular rafts at larger length scales, where bulk intermolecular bonding interactions and surface energies dominate over nuclei-substrate interactions.
*Author to whom correspondence should be addressed Version 2. The (311) and (211) planes were also occasionally observed at the tip of the crystal. (20) [ Figure 1 ]
The closely packed (010) [ Figure 2 ]
In contrast to (010.), AFM data indicates that the (310) face is described by a high density of
[001] ledges with step heights of 15 or 21 A, equivalent to two or three TTF layers, respectively.
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The average width of these ledges is < 25 A. The (310) face is therefore best described as a high energy, highly stepped, vicinal face containing (010) terraces and (100) Crystal planes exposed on the tip of a (ITF)Bro.7 6 crystal, however, do not contain the
[001] stacking axis. As a result, these faces tend to be microscopically rough and the corresponding growth mechanism does not appear to involve clearly defined ledges. The (011) face, which is the predominant face exposed upon the tip of a (TTF)Br 0 . 7 6 crystal, exhibits a pyramidal habit, intersecting the (310) and (210) (Fig. la) .
Notably, nucleation on (011) occurs with the formatioO of oriented triangular nuclei (Fig. 3) . One edge of the triangles is oriented at angle of 230 with respect to [133] . Initially, these triangular features exhibit dimensions of 200 A on a side (area -90 nm 2 ) and 50 A in height, evolving over time to 5000 A on a side and 300 A in height. These nuclei exhibit remarkable self-similarity over this entire size range, maintaining their orientation and aspect ratio. Indeed, the larger triangles are frequently observed as aggregates of smaller ones of the same orientation; consequently, they exhibit a "fractal" structure, resembling disordered Sierpinski gaskets ( Fig. 3b and c) . ( surface until attachment to other nuclei, or more likely, by a nucleation-redissolution mechanism in which small triangular nuclei pe,'sist upon aggregation with others.
[ Figure 3 ]
The (011) plane of (TTF)Br 0 . 76 is best described as a highly stepped, vicinal plane consisting of [1001 oriented ledges comprising mono-molecular (001) step planes and (010) terraces (Fig. 4) . Furthermore, the [100] ledges contain molecular kink sites that are a consequence of the alternating orientation of the TTF molecules along this direction. Notably, a triangular array of these kinks can be constructed (denoted A in Fig. 4 ) whose orientation is identical to that of the triangular nuclei on the (011) face. This strongly supports a mechanism in which the observed nucleation behavior involves preferential attachment of incoming solute molecules to these kink sites and fast aggregation between these sites along directions corresponding to the edges of the triangles. While it may seem surprising that an opposite orientation is not observed (denoted B in Fig. 4 ), the two orientations are crystallographically unique under the symmetry of the monoclinic space group. Apparently, the chemical inequivalence resulting from the crystallographic inequivalence is sufficient to provide discrimination between the two orientations.
[ Figure 4 ]
The triangular features observed during early stages of growth eventually evolve into oriented rectangular rafts whose long axis is parallel to [(100] (Fig. 3d and e ). This suggest that the which overrides the substrate-nuclei interactions as the nuclei become larger. Indeed, the crystal faces exposed on the sides of the triangular nuclei will have a substantial surface energy due to their roughness.
We have demonstrated that electrochemical nucleation and growth of conducting molecular crystals can be visualized in situ at the nanoscale with the atomic force microscope, and that AFM goniometry can be performed to index micron-sized crystals, enabling comparison of crystal morphologies over several length scales. Our results clearly indicate that the surface topography and crystal growth modes depend upon the crystal face, generally reflecting the strength of intermolecular solid state bonding within the crystallographic planes defining those faces.
However, it is evident that the molecular-level topography, such as that of the (01I) face of (TTF)Br 0 . 76 , can strongly influence morphology in the early stages of nucleation where substratenuclei interactions can predominate over bonding enthalpies in the bulk and surface energies that are important at large length scales. Further examination of nucleation and growth at the nanoscale will likely lead to other unanticipated length scale dependent behaviors, while providing an opportunity to unravel the fundamental principles that control crystal growth at the molecular level. Cryst. 120, 255 (1985) . (e) 14. This is the common crystal growth orientation in the AFM electrochemical fluid cell due to the restricted cell geometry. When an electrochemical cell that allows isotropic transport is employed, growth of (TTF)Bro. 7 6 crystals generally occurs with a random colatitudinal orientation. The AFM fluid cell geometry is thin and the counter electrode placement results in enhanced migration parallel to the HOPG surface, which favors the observed lateral growth.
15. The single crystal x-ray structure of (TTF)Bro. 7 6 reveals separate TTF and Br sublattices, In order to obtain meaningful information regarding molecular level registry. then, the tip must be able to interact with a surface that is molecularly smooth over a size that is considerably larger than the interaction area of tip and sample. Therefore, the AFM cannot obtain lateral molecular level resolution on a surface containing a high density of ledges. The height of these steps, however, can be accurately determined to within a fraction of an angstrom.
17. As a note of caution, the resolution that may be obtained when measuring a dihedral angle with the AFM depends upon the aspect ratio of the cantilever ip. The maximum measurable angle between a terrace and a step plane is 55* using typical Si 3 N 4 AFM tips with a 1:1 aspect ratio, whereas the maximum measurable angle using Si cantilevers with a 3:1 aspect ratio is 75". For most of the experiments described in this report, Si 3 N 4 cantilevers were employed. However, when the observed angle approached 55%, a Si cantilever was employed to verify the results.
18. Dihedral angles measured by AFM compared to those determined from the x-ray crystal structure (in parentheses) of the (T1F)I 5 n supercell: (010) rn ( (540). These dihedral angles, as measured with AFM, were independent of the azimuthal orientation of the (TTF)Bro. 76 crystals with respect to the AFM tip. This morphology was also corroborated by scanning electron microscopy of crystals of similar size. These observations rule out artifacts due to tip geometry in the measurements of the dihedral angles.
19. The structure of (TTF)Br 0 . 76 is monoclinic and, thus, exhibits crystallographically (and chemically) distinct (100) and (010) faces. However, the difference between these planes results from only a 1.23" (P = 91.230) offset of the TTF molecules in the (010) plane, as compared to (100). This difference is too slight to be differentiated using the interfacial angles or the high resolution molecular level registry as determined using the AFM. Thus, an (010) was occasionally observed. This face is attributed to twinning, as its morphology and surface topography appear to be a mirror image of the aforementioned (010) 
